Previous studies have revealed that the regional accumulation of ischemic metabolites including hydrogen ion (H + ) and Pco, diminish after repeated occlusions. We postulated that this diminution reflects a blunted metabolic response that is related to the severity of ischemic injury and, hence, may be most pronounced in subendocardial (ENDO) regions. To investigate this hypothesis, the left anterior descending coronary artery was serially occluded three times in 51 dogs for a period of either 3 minutes (n=15), 5 minutes (n=18), or 15 minutes (n=18). Each occlusion was separated by 45 minutes of reperfusion. Myocardial [H + ] was measured in the endomyocardium and in the epimyocardium of the ischemic anterior wall by use of miniature pH glass electrodes. Accumulation of H + during occlusion (A[H + ]) hi the ENDO region was significantly less during the second occlusion when compared with the first occlusion (3-minute occlusions: 28.2±3.7 nM/1 vs. 39.4±5.4 nM/1, p<0.002; 5-minute occlusions: 49.8±5.0 nM/l vs. 72.1±6.5 nM/1, /K0.0002; 15-minute occlusions: 132.3±14.6 nM/1 vs. 225.6±27.7 nM/1, /><0. regions (p<0.05) ; 2) correlated with the duration of occlusion (ENDO: r-0.66, /7<0.001; EPI: r=0.82, /?<0.0001); and 3) was related to the impairment of anterior wall systolic shortening after the first reperfusion period. These findings suggest that the diminution in H + production that follows serial coronary occlusions reflects a blunted metabolic response that is related to both the duration of ischemia and the degree of systolic dysfunction. Moreover,-1 though attenuation of ischemic metabolite production occurs transmurally, it is most pronounced in the deep ENDO regions. (Circulation Research 1989;64:616-628) From the Brockton and West Roxbury Veterans Administra-
H istologjc and metabolic studies have established that after coronary occlusion, myocardial injury is initiated and becomes most severe in subendocardial regions. 12 This is evidenced by the development of transmural gradients in the regional accumulation of ischemic metabolites including PCO2, 3 lactate, 4 and ATP. 3 -6 Recently, Watson and coworkers 7 demonstrated that the fall in myocardial pH in response to a partial coronary occlusion is significantly greater in the subendocardium than in the subepicardium. Although the study by Watson et al was the first to characterize transmural gradients in tissue pH and, hence, acid accumulation during regional ischemia, the presence and, moreover, the significance of transmural differences in ischemic metabolites after repeated occlusions have not been described.
Previous work from our laboratory has shown that hydrogen ion concentration, [H + ], as assessed by glass electrodes, and myocardial carbon dioxide tension, PmcOj, as measured by mass spectrometry, steadily increase during the initial 45-to 60-minute period after coronary occlusion. 8 -9 The accumulation of H + and Pmco 2 during occlusion correlates with the severity of myocardial injury when analyzed by other measures of ischemia, including elevation of intramural S-T segments, 10 reduction in regional myocardial blood flow, 9 " and degree of ultrastructural damage. 911 Of particular importance is that the rise in Pmco 2 and [H + ] is significantly less after a second occlusion when compared with the first occlusion. 81213 Using a different electrode system, Fleet and coworkers 14 similarly reported that the changes in tissue pH became progressively less severe after a series of 10-minute coronary occlusions.
The significance of these findings has not been investigated. It is currently unknown if this diminution in the accumulation of ischemic metabolites is a transmural phenomenon since measurements made in previous studies were confined to the midmyocardium. It was our hypothesis that the diminution in H + accumulation after serial occlusions reflected a blunted metabolic response that was related to the degree of ischemic insult. To investigate this hypothesis, this study was designed to determine if the magnitude of the diminution in H + accumulation after serial occlusions was 1) greater in regions that are particularly prone to ischemic injury, such as the endomyocardium; 2) dependent on the duration and, therefore, the severity of the ischemic episode; and 3) related to the degree of residual functional impairment in the postischemic reperfused myocardium.
Materials and Methods
Seventy-two mongrel dogs were initially studied. Animal care was conducted according to the guidelines set by the American Association of Laboratory Animal Science (AALAS) and the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health.
Twenty-one of the 72 dogs sustained ventricular fibrillation during either coronary occlusion or reperfusion and, therefore, were excluded. Hence, the study comprised 51 dogs. The dogs were premedicated with 0.1 mg/kg i.m. of acepromazine maleate and 0.05 mg/kg i.m. of atropine. Anesthesia was induced with 30 mg/kg i.v. of sodium pentobarbital and later supplemented with hourly doses of 15 mg/ kg. The trachea was intubated and the animal was mechanically ventilated with a Harvard respirator (Harvard Apparatus, South Natick, Massachusetts). Oxygen was supplemented at 2-3 1/min. Arterial blood gases were monitored with a blood gas analyzer (Instrumentation Laboratory, Lexington, Massachusetts) and kept within the normal range (PcOj 30-40 mm Hg, Pop^lOO mm Hg, pH 7. 35-7.45) . A large-bore catheter was inserted into the left femoral vein for the administration of fluids and medications. A fluid-filled catheter was placed into the left femoral artery and connected to a Statham P23ID transducer (Gould, Cleveland, Ohio) for arterial pressure measurements. A left thoracotomy was performed in the fifth intercostal space and a pericardial cradle was raised. A high-fidelity micromanometer-tip catheter (PC 350, Millar Instruments, Houston, Texas) was introduced into the left ventricular cavity through the base of the left atrial appendage for measurements of left ventricular pressure and its first derivative (dP/dt). The left anterior descending coronary artery (LAD) was dissected and a 5-mm portion of the vessel just distal to the takeoff of the first major diagonal branch was isolated. The proximal LAD was transiently occluded for 10 seconds. The resulting epicardial cyanosis defined the ischemic region in which instruments were placed to make the following determinations.
Intramyocardial pH and Hydrogen Ion Concentration
Miniature glass-tip electrodes developed in our laboratory in conjunction with Ingold Electrodes (Andover, Massachusetts) were used for measurement of intramyocardial pH. 913 An electrode was inserted perpendicular to the epicardial surface so that the glass sensing tip was located in the subendocardial layer of the left ventricular anterior wall at a depth of 8-10 mm. In 38 dogs, a second pH electrode was angled adjacent to the first electrode so that its tip was 2-3 mm below the epicardial surface. The first electrode therefore measured subendocardial (ENDO) pH, while the second electrode measured subepicardial (EPI) pH. In 21 dogs, thermistors (Monotherm, St. Louis, Missouri) were placed in the midmyocardium adjacent to the electrodes. In 12 dogs, a third pH electrode was inserted into the ENDO layer of the lateral wall in the distribution of the left circumflex coronary artery. Position of the electrodes was confirmed by careful dissection at the completion of each study.
The pH electrodes were either 8 mm or 10 mm in length and 1 mm in diameter. The distal 4 mm of each electrode consisted of lead glass that contained a silver/silver chloride sensing wire. The electrode has a stabilization period of 3-5 minutes and a 95% in vitro response time of 2-3 seconds. The drift was less than 0.01 pH units over a 6-hour period. A reference electrode was placed in a beaker containing 3 M KCl and connected to the dog's hind limb with a 2-M KCl agar bridge. The pH and reference electrodes were connected by shielded coaxial cables to a Corning Model 610A voltmeter set (Corning Glass Works, Corning, New York) in the millivolt mode. The output from the voltmeter was recorded on a two-channel recorder (Soltec, San Fernando, California). The pH electrodes were calibrated in buffers of pH 4.00 and 7.00 prior to and at the completion of each study. The millivolt recordings and electrode calibration factors were fed into a software program, and myocardial pH was computed on the basis of the Nemst equation. 16 Myocardial [H + ] expressed in nanomoles per liter, was then calculated from the pH in accordance with the formula [H + ]=antilog-(pH) 17 Regional Myocardial Blood Flow
Regional myocardial blood flow (RMBF) was measured in the anterior wall adjacent to the pH electrodes in 15 studies using the washout of the radioactivity of l27 Xe injected into the midmyocardium as described previously. 918 Briefly, a 23gauge right-angled needle attached to No. 50 polyethylene tubing was inserted intramurally and fixed to the epicardium with a fine suture. A scintillation single-probe detector with a 2-inch-diameter sodium iodide crystal was suspended over the site of insertion of the needle and connected to a ratemeter (Eberline, Santa Fe, New Mexico). For each RMBF determination, 0.1 ml of saline containing approximately 200 /tCi of l27 Xe was injected and flushed with 0.15 ml of saline. The l27 Xe washout curve was recorded on a two-channel recorder (Soltec) and later transcribed onto semilog paper so that its half-time could be determined. RMBF was then calculated according to the formula RMBF (ml/100 g/min)= (0.693)(0.7)(100)
where 0.693 is the natural logarithm of 2, T m is the half-time expressed in minutes, and 0.7 is the partition coefficient of xenon gas between tissue and blood. 19 
Coronary Velocity
Coronary velocity and regional dimension measurements were obtained in 29 studies. Coronary velocity of the LAD was measured with a 20-MHz pulsed Doppler probe (Valpey-Fisher, Hopkinton, Massachusetts) that circumscribed the proximal LAD. The Doppler signal was recorded on a multichannel recorder (Gould), and coronary velocity was then expressed as a percentage of its baseline value and plotted as a function of time. 20 
Systolic Segment Shortening and Regional Dimensions
Systolic segment shortening was measured in the region of the anterior wall previously identified by the epicardial cyanosis. A pair of 5-MHz segmentlength ultrasonic crystals (Triton Technology, San Diego, California) was inserted into the midmyocardium perpendicular to the major axis of the ventricle within 3 mm of the pH electrodes. A second pair of segment-length crystals was similarly placed in the left circumflex coronary artery distribution of the lateral wall. Segment-length measurements were made at end diastole (EDL) and at end systole (ESL). End diastole was defined as the point that corresponded to the onset of the rapid upstroke of dP/dt, and end systole was defined as the point that corresponded to the peak minimum dP/dt. 2122 Per-cent of systolic segment shortening (%SS) was defined by the equation %SS=(EDL-ESL)/EDL.
Experimental Protocol
A 30-minute period of stabilization followed the completion of instrumentation; baseline measurements were then obtained. Each dog underwent three serial occlusions of equal duration. The dogs were divided into three groups according to the duration of occlusion, which was either 3 minutes (n=I5), 5 minutes («=18), or 15 minutes (n=18). In all dogs a 45-minute period of reperfusion followed the release of each occlusion. Lidocaine (0.5 mg/kg i.v.) was administered 2 minutes before application of occlusion and 2 minutes before release of occlusion.
To determine if the relative decrease in H + accumulation during the second and third occlusions (see "Results") reflected a diminished sensitivity or a change in the response characteristics of the electrode over time, in four studies two additional pH electrodes were placed in the ENDO region of the anterior wall. One electrode was inserted before the beginning of the second occlusion, and the other was placed before the onset of the third occlusion. This allowed comparisons of [H + ] recorded with the in situ electrode placed at the beginning of the study with [H + ] recorded with the de novo electrodes placed just before the second and third occlusions.
Data Analysis
Cumulative data are expressed as mean±SEM. Data were initially analyzed using multivariate analysis of variance (ANOVA). Where applicable, points of statistical significance were identified using Student's t test for paired and unpaired data with Bonferroni's correction for multiple comparisons. 23 Correlation between parameters was determined using the Spearman rank correlation method. Statistical significance was defined at p<0.05.
Results

Hemodynamic Results
Complete hemodynamic, regional dimension, and coronary velocity data were available in 29 studies. The hemodynamic data are shown in Table 1 . Heart rate fell significantly during the first and second 3-minute occlusion periods and during the first 5-minute occlusion. Mean arterial pressure did not change during the course of the studies. In contrast, peak dP/dt fell during each occlusion. This fall was significant at the p<0.05 level, except for the third 15-minute occlusion. The reperfusion periods were subsequently characterized by partial recovery of peak dP/dt. At completion of the reperfusion periods, peak dP/dt remained depressed when compared with preocclusion values. Baseline heart rate, mean arterial pressure, and peak dP/dt did not differ among the three groups (p=NS). 
Myocardial pH and Hydrogen Ion Concentration
Arterial pH was 7.43±0.01 at baseline and did not change during the course of the studies (p=NS by ANOVA). Figure 1 shows the cumulative changes in ENDO and EPI pH during occlusions. Table 2 summarizes [H + ] and temperature data. Baseline ENDO [H + ] in the anterior wall was significantly less than baseline EPI [H + ] (52.0±2.1 nM/1 vs. 60.8±5.1 nM/1, respectively, p<0.02 by paired / test, n=38). Significant increases were observed in both ENDO and EPI [H + ] during each occlusion. Of note is that the peak [H + ] after occlusion was significantly less after the second occlusion than dP/dt, peak left ventricular dP/dt (mm Hg/sec). noted during the initial 60-to 120-second period after the onset of occlusion in all 51 experiments. The remainder of the occlusion period was characterized by steady increases in [H + ].
For further analysis of changes in [H + ] during the initial phase of coronary occlusion, the amount of time that elapsed between the beginning of occlusion and the onset of the rise in [H + ] was measured and defined as A T. As illustrated in Figure 3 , ENDO AT and EPI AT progressively increased after successive occlusions. In addition, during each occlusion EPI AT was consistently greater than ENDO A7(p<0.05). ence in A[H + ] reflects the transmural differences in AT described above (Figure 3 2 , is illustrated in Figure 5 . The decrease was greatest after the 15-minute occlusions and smallest after the 3-minute occlusions (ENDO, p<0.001; EPl, /?<0.005, by ANOVA). Significant correlations were observed between the duration of occlusion and A[H + ],-A[H + ] 2 in both the ENDO and EPl regions ( Figure 5 ).
In the four studies in which two additional pH electrodes were placed in the ENDO region of the ischemic anterior wall (see "Materials and Methods"), measurements of A[H + ] 2 and A[H + ] 3 recorded by the de novo electrodes (101.8±26.0 nM/1) did not differ from those made by the in situ electrode (104.9±31.4 nM/1, n=8). This indicates that the changes in A[H + ] observed during the second and third occlusions were not due to alterations in the sensitivity or the response characteristics of the electrode.
Regional Myocardial Blood Flow
In 15 studies RMBF was measured with 127 Xe at baseline, at 1 minute before release of each occlusion, and at the completion of the third reperfusion period ( Figure 6 ). There was a significant decrease in RMBF during the first coronary occlusion when compared with baseline. In each group, RMBF did not change during the three serial occlusions. The RMBF at the completion of the third reperfusion period appeared to be greater than baseline, but the difference was not statistically significant.
Coronary Velocity
During the initial phase of reperfusion, coronary velocity increased rapidly and peaked 20-60 seconds after release of the occlusions. Values of peak coronary velocity ranged from 350% to 450% of the preocclusion values. Peak coronary velocity and the time to peak coronary velocity were similar after the three successive occlusions and among the three groups (p=NS). The remainder of the reperfusion phase was characterized by a steady decrease in coronary velocity. At the completion of each reperfusion period, mean coronary velocity did not differ from the preocclusion values.
Systolic Segment Shortening and Regional Dimensions
Regional systolic function data are shown in Table 4 . Within 60 seconds of the onset of coronary occlusion, anterior wall %SS changed from active to minimal contraction and was often characterized by passive holosystolic bulging. tolic dysfunction during occlusion was similar among the groups and did not differ during successive occlusions. Release of the occlusions resulted in partial recovery of systolic shortening. At completion of the first reperfusion period in the 5-and 15-minute occlusion groups, %SS remained significantly depressed when compared with baseline values (p<0.05). In both groups there was further depression of %SS at completion of the second reperfusion period when compared with the first reperfusion period (p<0.05). There was no further depression of %SS at the completion of the third reperfusion period. In the 3-minute group insignificant reductions in %SS occurred after completion of each reperfusion period. When compared with baseline, %SS was diminished in all groups after completion of the second and third reperfusion periods (p<0.05 and p<0.0\, respectively). Figure  7 compares the diminution in systolic shortening among the three groups. Cumulative reductions in %SS were most pronounced following the 15minute occlusions and least pronounced after the 3-minute occlusions (p<0.01 by multivariate ANOVA). In contrast to the changes observed in the anterior wall, lateral wall %SS increased during LAD occlusion. This increase in %SS achieved statistical significance during the first and third occlusions in the 15-minute occlusion group. Release of the LAD occlusion resulted in return to baseline of lateral wall %SS.
LAD occlusion produced significant increases in anterior wall EDL ( Table 4 ). Release of the occlusions resulted in recovery of EDL, which was complete in the 3-and 5-minute occlusion groups but incomplete in the 15-minute group (p<0.04 by multivariate ANOVA) ( Table 4 and Figure 8 ). EDL did not increase after the second and third occlusions ( Figure 8 ). There were similar though less pronounced increases in lateral wall EDL during LAD occlusion ( Table 4 ). Release of the occlusion resulted in recovery of lateral wall EDL to baseline values. Figure 9 illustrates the relation between the reduction in %SS baseline (BL) after completion of the first reperfusion (REP) period (%SS B L-%SSRE P ,) and the subsequent diminution in H + accumulation, A[H + ],-A[H + ] 2 . Figure 10 shows the relation between the reduction in systolic segment shortening after completion of the third reperfusion period (%SS BL -%SS REP 
Discussion
As in previous studies in our laboratory and others, 81213 this investigation indicated, in part, that the regional accumulation of acid metabolites diminishes after serial coronary occlusions. The evolutionary nature of this attenuated or blunted metabolic response was evidenced by the observation that, though H + accumulation was relatively dimin- ished after the second occlusion, further reduction in A[H + ] did not occur after a subsequent occlusion. The present study further illustrated that the diminution in H + accumulation occurred transmurally and, in addition, related the changes in H + accumulation to changes in regional systolic function.
It appears that in this model of repeated coronary occlusions a distinct population of cells became functionally impaired for a prolonged period after the initial occlusion, evidenced by the incomplete recovery of systolic segment shortening in the ischemic zone after 45 minutes of reperfusion. During the subsequent occlusion, the metabolic response of this population of cells was blunted, resulting in a relative delay in the rise of [H + ] and, ultimately, a decline in H + accumulation. The relation between A[H + ],-A[H + ] 2 and the reduction in systolic segment shortening after completion of the first reperfusion period suggested that the blunting of ischemic metabolite production was most pronounced in regions that had sustained the greatest impairment of systolic function. The significant correlation between A[H + ],-A[H + ] 2 and the duration of occlusion indicated that the blunting of H + production was directly related to the degree of ischemic injury. Though the diminution in H + accumulation occurred in both the ENDO and EPI layers, it was greater in the former region, adding further evidence that the attenuation of ischemic metabolite accumulation was most pronounced in the most severely ischemic regions.
Accumulation of myocardial H + after coronary occlusion results from both an increased production and a decreased washout of H + . 24 -26 Potential mechanisms that may have been responsible for the progressive deceleration of H + accumulation after a repeated occlusion include 1) a decrease in the responsiveness of the pH electrode; 2) an increase in collateral flow to the ischemic region during the second and third occlusions; 3) a progressive reduction in energy substrates; 4) a decrease in energy demands and, hence, ATP utilization secondary to the prolonged impairment of systolic function; and 5) an increase in the buffering capacity of ischemic metabolites.
Changes in the response characteristics of the pH electrode were ruled out by the equivalent measurements of A[H + ] recorded by two sets of electrodes, one placed at the beginning of the study and the second inserted before the onset of the second and third occlusions. Direct measurements of regional . Diminution in H + accumulation between first and second occlusions, &iH + ],-&lH + ] 2 , was associated with reduction in systolic shortening after completion of first reperfusion period (%SS B L-'^>SS RE P ,). %SS, percentage of systolic shortening; BL, baseline; REP, reperfusion. blood flow, which remained unchanged during the serial occlusions, also discredited a potential increase in collateral flow; this supports observations by other investigators. 8 -2728 The absence of a change in regional blood flow indicates that the washout of H + was similar during each occlusion. Thus, the relative decline in H + accumulation after the second occlusion was primarily the effect of a decreased production of H + . Sources of H + production during regional ischemia include at least two separate metabolic pathways. According to Gevers, 29 aerobic hydrolysis of ATP generates a H + for each molecule of ATP hydrolyzed to ADP and inorganic phosphate. In addition, anaerobic glycolysis is an important source of both lactate and H + . 263< > Reimer and coworkers 28 have shown that both the utilization of high-energy phosphates and accumulation of lactate are significantly reduced during serial coronary occlusions in a canine model; their findings suggest that the diminution in H + production in the present study stemmed from reductions in both aerobic and anaerobic sources of H + . A decrease in the availability of ATP stores secondary to compartmentation of highenergy phosphates also may have contributed to the diminution in H + production. 28 -3132 The prolonged impairment of regional contractile performance that occurred during the first reperfu-sion period may have resulted in a reduction in ATP utilization 28 and, hence, H + production during subsequent occlusions. That the diminution in H + production was directly related to the reduction in systolic segment shortening suggests that regional systolic function may have been responsible in part for the blunting of ischemic metabolite production.
Several investigators 27 -28 - 33 have reported that during reperfusion, creatine phosphate stores exceed preischemic values. Since the transfer of phosphate from creatine phosphate to ATP is a protonconsuming reaction, 29 this overshoot in creatine phosphate stores may have supplied additional buffering capacity, thus reducing acid accumulation during the later occlusions. Further elucidation of the exact mechanisms responsible for the deceleration of H + production after serial coronary occlusions rests with the development of techniques such as magnetic resonance spectroscopy that allow comparisons of intracellular H + and high-energy phosphate metabolites.
Considerable transmural variations in [H + ] were observed in the present investigation. Of note is that the preischemic baseline ENDO [H + ] was significantly lower than baseline EPI [H + ]. This finding is contrary to a report by Watson and coworkers, 7 who demonstrated that baseline pH was identical in the ENDO and EPI regions.
Although EPI and ENDO mural flow was not specifically measured in our study, the transmural gradient in baseline pH probably reflected the fact that during nonischemic states ENDO blood flow is consistently greater than EPI blood flow. 2 Thus, an ENDO-to-EPI flow ratio greater than unity would provide a relatively higher degree of washout of acid metabolites in the ENDO region, resulting in a lower [H + ].
Although baseline EPI [H + ] was higher than baseline ENDO [H + ], there was a considerably greater accumulation of H + in the latter region during each occlusion. This was due in part to the earlier onset of H + accumulation in the ENDO regions. The relative delay in the rise of EPI [H + ] during occlusion may have reflected the presence of greater collateral flow reserve in this layer when compared with the ENDO region. 34 -35 The earlier onset and the subsequent greater accumulation of H + in the ENDO region indicate that the deep ENDO regions are more susceptible to an ischemic insult. l -234 - 35 Though the cumulative reduction in midmyocardial systolic shortening correlated with the total ischemic production of H + in both the ENDO and EPI regions, the correlation was stronger in the ENDO region. This suggests that the accumulation of acid metabolites in the ENDO regions may have greater importance than the EPI zone in determining the recovery of regional systolic function. However, further clarification of this issue would require intramural assessment of systolic function in both the ENDO and EPI layers.
An interesting finding was the immediate decrease in [H + ] after the onset of occlusion. This seemingly paradoxical response has also been described by Gebert and coworkers, 36 and may have resulted from the mild degree of myocardial cooling that occurred after occlusion ( Table 2 ). Because tissue pH is inversely related to temperature, 3738 a reduction in myocardial temperature would be expected to lower [H + ]. A fall in tissue temperature of 0.3-0.5° C decreases [H + ] by approximately 0.7-1.2 nM/1 and would have accounted for some of the initial change in [H + ] after occlusion. An alternative mechanism is that a consumption of H + may have occurred during the early phase of occlusion. The quantity of H + buffered by the conversion of creatine phosphate to ATP occurring immediately after coronary occlusion 29 may have exceeded the ischemic production of H + , resulting in a net decline in [H + ]. The subsequent rise in [H + ] during the remainder of the occlusion probably resulted from a combination of an exhaustion of the creatine phosphate stores and the accelerated anaerobic production of H + .
Another salient finding was the continued 30-to 60-second rise in [H + ] after release of the 3-and 5-minute occlusions. A similar finding was observed in half of the 15-minute occlusion experiments. This finding has also been described by Cobbe and coworkers. 39 The persistent rise in [H + ] after release of the occlusion may have stemmed from 1) a potential lag effect in the measurements of H + , based on a prolonged response time of the electrode; 2) bathing of the electrode by ischemic metabolites that had accumulated upstream from the probe before release of the occlusion; 3) an early manifestation of reperfusion injury; or 4) an insufficient amount of hyperemic flow to completely wash out acid metabolites during the early phase of reperfusion. The first postulated mechanism is unlikely because the response time of the electrode (2-3 seconds) was considerably shorter than the 30to 60-second period during which H + continued to rise after release of occlusion. The second and third postulated mechanisms can be discredited since the longer ischemic periods, that is, 15-minute occlusions, should have resulted in a greater, or at least an equivalent, and not a reduced prevalence of the persistent rise in [H + ]. The fourth mechanism is supported by the observation that [H + ] peaked at approximately 60 seconds after release of occlusion, which was generally coincident with the onset of peak hyperemic flow. That the degree of hyperemic flow was sufficient in 50% of the cases to completely wash out acid metabolites after release of the 15-minute occlusions may have reflected a deceleration of the glycolytic production of lactate and [H + ] that occurs when ischemic intervals are prolonged beyond 5 minutes. 30 Despite the persistent rise in the anterior wall [H + ] during the early reperfusion phase, the remainder of the first reperfusion phase was characterized by a progressive fall in [H + ] to levels that were significantly lower than baseline values. In contrast, lateral wall [H + ] did not change during the course of the studies, thus ruling out electrode drift as a potential mechanism for the relative decline in anterior wall [H + ]. That arterial pH measurements did not change during the course of the studies indicated that the fall in [H + ] was not a reflection of systemic alkalosis. After 45 minutes of reperfusion, coronary velocity had returned to preocclusion values, ruling out increased coronary flow as a responsible mechanism for this paradoxical response. It is possible that the additional buffering capacity afforded by an overshoot in creatine phosphate stores during the first reperfusion phase 272833 may have created this rebound alkalotic effect in the ischemic anterior wall.
The present investigation is the first to compare changes in [H + ] and regional systolic shortening during repeated coronary occlusions. The presence of a cumulative deterioration in systolic segment shortening after the first and second occlusions in the 5-and 15-minute occlusion groups is consistent with findings of other investigators. 4041 Deterioration in systolic segment shortening in the present study was directly related to the duration of occlusion, and ultimately correlated with the total production of H + during the three occlusions. In contrast to the findings in the present study, Lange and coworkers 21 found that after repeated occlusions systolic segment shortening fell significantly after the first occlusion but not after the second occlusion. An explanation for the difference in these findings is not readily apparent. The reciprocal changes noted between anterior and lateral wall %SS and the global increase in EDL during LAD coronary occlusion have been described elsewhere. 42 -43 The absence of cumulative changes in the nonischemic lateral wall pH, %SS, and EDL at completion of the study confirm stability of the experimental model.
In summary, by relating the changes in tissue H + production to changes in regional systolic function, the present study illustrates that the relative diminution in H + accumulation after repeated coronary occlusion does not ostensibly represent a reduction in the magnitude of tissue ischemia. Instead, it represents prolonged functional and metabolic recovery of a distinct population of cells rendered ischemic during the initial occlusion. Consequently, the location, duration, and sequence of prior ischemic insults are among the important determinants of regional metabolite production during complete coronary occlusion. Studies that attempt to assess the efficacy of pharmacologic and other types of intervention in experimental models that compare changes during serial coronary occlusions must account for these cumulative effects.
